Genetically encoded fluorescent proteins are an essential tool in cell biology, widely used for investigating cellular processes with molecular specificity. Direct uses of fluorescent proteins include studies of the in vivo cellular localization and dynamics of a protein, as well as measurement of its in vivo concentration. In this chapter, we focus on the use of genetically encoded fluorescent protein as an accurate reporter of in vivo protein numbers. Using the challenge of counting the number of copies of kinetochore proteins in budding yeast as a case study, we discuss the basic considerations in developing a technique for the accurate evaluation of intracellular fluorescence signal. This discussion includes criteria for the selection of a fluorescent protein with optimal characteristics, selection of microscope and image acquisition system components, the design of a fluorescence signal quantification technique, and possible sources of measurement errors. We also include a brief survey of available calibration standards for converting the fluorescence measurements into a number of molecules, since the availability of such a standard usually determines the design of the signal measurement technique as well as the accuracy of final measurements. Finally, we show that, as in the case of budding yeast kinetochore proteins, the in vivo intracellular protein numbers determined from fluorescence measurements can also be employed to elucidate structural details of cellular structures.
I. Introduction
Fluorescence microscopy is finding increasing usage in studies of diverse aspects of cell biology at the cellular as well as the molecular level, with a variety of fluorescent probes available for studying molecular function (Giepmans et al., 2006) . Genetically encoded fluorescent proteins have become the most widely used fluorophores by cell biologists (Chudakov et al., 2005) . The green fluorescent protein (GFP) was the first to be optimized as a genetically encoded fluorescent marker for use in vivo (Tsien, 1998) . The exploding number of available fluorescent proteins with characteristics tailor-made to suit experimental needs (Miyawaki, 2004; Miyawaki et al., 2005; Sawano and Miyawaki, 2000; Zhang et al., 2002) has allowed researchers to devise elegant ways of employing them to reveal cellular processes. Their typical uses range from in vivo protein localization and dynamics (Lippincott-Schwartz and Patterson, 2003) , characterizing intracellular chemistry (Kohl and Schwille, 2005; Lippincott-Schwartz et al., 2001; Schwille, 2001) , to studying gene expression and regulation patterns (Bar-Even et al., 2006; Colman-Lerner et al., 2005; Raser and O'Shea, 2005; Rosenfeld et al., 2005) . Besides their utility in studying spatiotemporal protein localization patterns within a cell, quantification of intracellular protein concentration is intuitively the simplest application of genetically encoded fluorescent proteins in cell biology.
Estimation of intracellular concentration of fluorophores is commonly employed using flow cytometry (Huh et al., 2003; Newman et al., 2006) . This technique measures whole-cell fluorescence signal to deduce the concentration of a protein or DNA within the cell. Flow cytometry works well for bright signals in samples that have relatively low autofluorescence and has the advantage of rapidly accumulating very large datasets. However, it may not provide the desired flexibility necessary for the accurate measurement of proteins that have low cellular abundance, with protein numbers per cell ranging from a few to a few hundred protein molecules (Newman et al., 2006) . This is commonly the case for studies involving prokaryotes and lower eukaryotes such as budding and fission yeast. In recent years, a number of microscopic imaging-based methods have been devised for this purpose. These methods typically involve high numerical aperture (NA) objectives for imaging, and sensitive, lownoise cooled CCD cameras for image acquisition. Current technology allows the observation of protein expression one molecule at a time in vivo Yu et al., 2006) .
There are two important considerations that must be addressed while developing a quantitative fluorescence microscopy method for counting protein numbers. The first involves the development of an accurate technique for the quantification of the fluorescence signal that is based on features of the biological structure being studied, and the characteristics of the imaging system. The second factor is to obtain a calibration standard that allows for the accurate conversion of measured fluorescence signal into the corresponding number of fluorophores. While the details of the first factor are largely dictated by the imaging optics, diverse methodologies have been developed over the years to address the need of a good calibration standard. The choice of a particular calibration standard can play a significant role in determining the accuracy of the protein counts obtained. A fluorescence signal measurement and conversion method designed with these considerations can yield valuable data on intracellular protein numbers.
In this chapter, we describe a technique for accurately counting the numbers of kinetochore proteins in budding yeast by measuring the fluorescence signal from fluorescently tagged kinetochore proteins. First, the criteria for choosing optimal fluorescent proteins for counting intracellular protein numbers are discussed briefly. We then describe the sample preparation method and the microscope setup used. The next section discusses characterization of the microscope performance, which is critical in developing an appropriate signal measurement scheme. Fluorescence signal quantification method for the budding yeast kinetochore cluster, along with the obtained results, is then described. The last section contains a discussion of a more generalized fluorescence signal measurement method that may be used for proteins that are diffusely distributed within a cell, as well as the sources of errors in fluorescence signal measurements. This section also includes a survey of the varied fluorescence signal calibration standards that have been developed to convert the fluorescence signal into the corresponding number of proteins.
II. Counting Kinetochore Protein Numbers in Budding Yeast
The eukaryotic kinetochore is a highly complex protein structure composed of more than 60 different proteins (McAinsh et al., 2003; Meraldi et al., 2006) . It establishes attachment of microtubule plus-ends with the centromeric DNA during mitosis, and generates force necessary to move and segregate chromosomes. The end-on attachment of a microtubule plus-end with centromeric DNA requires at least eight different proteins and protein complexes. To understand how these proteins assemble together to make a functional kinetochore-microtubule attachment, it is necessary to understand their arrangement within the microtubule attachment site at the kinetochore. Although electron microscopy has revealed the overall structure of the kinetochore, the arrangement of the protein complexes within this structure remains unknown. The number of copies of each protein or protein complex involved in making a functional kinetochore-microtubule attachment is critical for understanding the molecular architecture of the kinetochore. The budding yeast (Saccharomyces cerevisiae) as a model organism provides some unique advantages as an experimental system for counting kinetochore protein numbers in vivo using quantitative fluorescence microscopy.
A wealth of information about the composition of the budding yeast kinetochore is now available. The budding yeast kinetochore is a relatively simple structure with only one microtubule attachment site as compared with vertebrate kinetochores that have multiple microtubule attachments. Each kinetochore is based on ∼300 base pair long DNA sequence wrapped around one centromeric nucleosome containing centromere-specific histone Cse4p (human homolog CENP-A). In metaphase, the centromeric DNA is stably attached to the plusend of one microtubule by nine other linker proteins or protein complexes (Fig. 1) . Since each yeast kinetochore supports only one stable microtubule attachment in metaphase, the copy number of each protein complex per kinetochore can be directly useful in understanding the molecular architecture of the microtubule attachment site. The stability of microtubule attachment raises the possibility that the protein complexes that make up the microtubule attachment site may also be stably associated with the kinetochore. Most of the proteins in this linkage are conserved in all eukaryotes including humans (McAinsh et al., 2003; Meraldi et al., 2006) . Therefore, protein architecture within a kinetochore-microtubule attachment can also be expected to be conserved from budding yeast to humans.
The versatile molecular biology and genetics of budding yeast provides a critical advantage for protein number evaluation through the measurement of fluorescence signal from fluorescently tagged proteins. Most proteins can be easily tagged at the C-terminus with a fluorescent protein by insertion of the gene sequence at the endogenous locus. Thus, the fusion protein is the only species of protein produced within the cell. The protein level can be expected to be similar to the native strain as the fusion protein expression is controlled by the native promoter. Furthermore, the fusion protein can be considered as functionally equivalent, since it replaces the native protein without an observable effect on chromosome segregation or gross cell growth. Therefore, the protein counts obtained with fluorescence microscopy can be expected to accurately reflect the functional needs in the cell. This critical advantage is absent in vertebrate systems, since expression of a fusion proteins from the native promoter has proven difficult. Therefore, the fluorescently tagged protein is typically expressed with the help of an extra copy of the gene fused to the gene for a fluorescent protein from an artificial promoter. This results in nonnative protein expression of the fluorescently tagged protein along with the native untagged protein. Therefore, suitable control experiments must be designed to account for the presence of two species of proteins within the cells, and possibly preferential recruitment of these proteins at the site of action. The use of budding yeast as a model system avoids these complications.
The geometry of the budding yeast spindle in metaphase and anaphase/telophase facilitates accurate evaluation of the fluorescence signal from fluorescently labeled kinetochore proteins ( Fig. 2A and B) . The metaphase spindle is ∼1500 nm in length, with two clusters of sister kinetochores separated by 800 nm and positioned on either side of the spindle equator (Fig.  2C) . Each cluster consists of 16 kinetochores that are distributed over a 200-300 nm region. Each kinetochore is stably connected to the plus-end of one microtubule that is anchored at its minus end within a spindle pole body. In anaphase, the kinetochore microtubules shrink to very short lengths (∼50 nm), pulling their kinetochores very close to a spindle pole body. The clusters of sister kinetochores become highly separated by spindle elongation to a length of 8-10 µm.
Budding yeast also provides an excellent calibration standard, which is critical for converting the fluorescence signal into the number of fluorophores accurately. As mentioned earlier, the yeast kinetochore is built around a single centromeric nucleosome that contains two Cse4p molecules (Collins et al., 2004; Joglekar et al., 2006; Meluh et al., 1998) . Thus, the signal from a kinetochore cluster expressing Cse4p-GFP represents the fluorescence of 32 GFP molecules (16 kinetochores with 2 Cse4p-GFP molecules per kinetochore). The spatial protein distribution within the cluster for all the kinetochore proteins is nearly identical to that of Cse4p, which avoids some of the potential complications in fluorescence signal measurement. We have developed a ratiometric method for counting the number of GFP-tagged kinetochore proteins. This method evaluates the fluorescence signal for a GFP-tagged kinetochore protein, and compares it with the signal for Cse4p-GFP by obtaining a ratio of the two fluorescence signals. The conversion of this ratio into protein number is then a straightforward task, since the exact number of Cse4p per kinetochore is known. Figure 3 compares the fluorescence intensity from kinetochore clusters in metaphase and anaphase/telophase cells expressing the different GFP-tagged kinetochore proteins (shown in green in Fig. 1 ). The images in both the panels were obtained with nearly identical imaging conditions. The intensity from the representative protein can be expected to accurately reflect the number of copies of the complex with which it is associated (Meraldi et al., 2006) . Even a cursory examination of the images clearly shows that different proteins are incorporated within the kinetochore in different numbers. An image analysis method is necessary to accurately evaluate the fluorescence signals, and convert them into absolute numbers of corresponding proteins.
A. Optimal Fluorescent Proteins
Selection of the appropriate fluorescent protein is critical for its use as a faithful reporter of intracellular protein concentration (Shaner et al., 2005) . The following characteristics of the fluorescent protein are highly desirable: (1) a high and constant efficiency at the typical physiological temperature, (2) a maturation time faster than the temporal dynamics of the protein under investigation, (3) a high molecular brightness to produce a robust signal that is also insensitive to its microenvironment, and (4) a low bleaching rate. EGFP was the first fluorescent protein to be optimized as a suitable genetically encoded fluorescent protein for quantitative microscopy (Patterson et al., 1997; Piston et al., 1999) . It is an ideal reporter protein in budding yeast because of its fast maturation time, high folding efficiency, and satisfactory molecular brightness. Its color variants YFP and CFP provide suitable alternatives, although properties such as bleaching rates are not as good as the properties of EGFP. YFP can be useful because of a higher molecular brightness, and because it allows the use of filters that enable a greater rejection of autofluorescence background in certain cases (Wu and Pollard, 2005) . Low bleaching rate is especially important when counting low protein numbers, and when temporal changes in protein numbers are being studied. Bleaching also becomes an issue if multiple image slices are necessary to cover the entire thickness of a cell. Table I lists relevant properties of fluorescent proteins that are particularly suited for counting experiments.
III. Sample Preparation
The budding yeast strains used in our study were created by tagging the endogenous copy of the kinetochore protein gene with EGFP at the C-terminus (Longtine et al., 1998) . A strain made in this manner shows wild-type growth characteristics at 25 °C in complete media (YPD), indicating that the EGFP-tagged kinetochore protein can functionally substitute the native, untagged protein. Standard methodologies have now been established for in vivo imaging of fluorescent proteins in budding yeast (Bloom et al., 1999) . In brief, the cells are grown to midlog phase in YPD at 25 °C. For microscopy, the cells are spun down, washed in water, and then resuspended in filter-sterile synthetic media (SD). Coverslips are immersed in 1 M NaOH overnight. After washing them thoroughly with distilled water, a thin layer of 0.5 mg/ml concanavalin A (cat # C7275, Sigma) solution (10 mM phosphate buffer, 1 mM CaCl2, pH 6.0) is then applied on the coverslip for ∼20 min. The coverslips are washed again with distilled water and allowed to dry. In each experiment, cells belonging to two strains-one expressing the protein of interest tagged with GFP and the other expressing Cse4p-GFP-are mixed together in approximately equal concentration. Five microliters of this mixture is then spread over a concanavalin A coated coverslip. The coverslip edges are then sealed with VALAP (a mixture of equal amounts of vaseline, lanoline, and paraffin) to prevent media evaporation.
Sample preparation protocols used in live cell microscopy strive to maintain optimal conditions for cells under the microscope. For optimal fluorescence microscopy however, a low but uniform background fluorescence due to growth media is also desirable. Immobilizing yeast cells with concanavalin A avoids the use of thin gelatin slabs that are commonly used to hold the yeast cells in place during live-cell microscopy (Bloom et al., 1999) . We found that the autofluorescence from gelatin slabs increases with depth, which makes accurate evaluation of fluorescence signals from kinetochore clusters difficult.
IV. Microscope and Image Acquisition System
We used wide-field epifluorescence microscopy and digital imaging for counting kinetochore proteins in budding yeast. The common considerations in selecting the critical components for a wide-field epifluorescence microscope have been previously described (Salmon et al., 2003) . For fluorescence signal measurements in budding yeast, we used a Nikon TE 2000-U microscope (Nikon, Melville, NY) equipped with a 1.4 NA, 100× DIC oil immersion objective. We used the HQ filter cube for EGFP from Chroma (Chroma, Rockingham, VT; exciter: HQ470/40x, dichroic: Q495LP, and emission: HQ525/50m). The microscope is equipped with an XY translation stage (LEP, Hawthorne, NY). The objective can be translated along the optical axis with a servo stepper motor (LEP). Images were acquired with an Orca ER cooled CCD camera (pixel size of 6.47 µm, Hamamatsu). The camera was operated in the 2 × 2 binning mode. Only a 300 × 300 pixel region at the center of the field of view was acquired. For each selected field, 21 Z sections were taken, with a distance of 200 nm separating successive image planes. Image acquisition was carried out with Metamorph (Molecular Devices, Downington, PA). Image analysis was done by using a custom written graphical user interface in MatLAB (MatLAB, Natick, MD).
The selection of appropriate imaging conditions is carried out to maximize the signal-to-noise ratio of the images. It depends on the characteristic of the fluorescent protein as well as the imaging system. The response of the fluorescent protein to the excitation intensity is the first important characteristic. GFP signal increases nonlinearly with the excitation intensity, and saturates beyond a critical intensity, behavior that is typical of three-state systems (Kues et al., 2001) . This nonlinear response becomes especially important when comparing fluorescent protein signals acquired at two different intensities. Another characteristic of a typical fluorophore is fluorescence or concentration quenching. Fluorescence quenching is the effect of nonradiative depletion of fluorophores in the excited state that becomes pronounced at high fluorophore concentrations. Fluorescence quenching thus distorts the expected linear relationship between fluorescent protein concentration and fluorescent protein signal. As discussed later, we found that local EGFP concentrations (over the range considered in our study) do not distort the fluorescence signal. The excitation intensity and exposure time were optimized to minimize photobleaching, and to allow for optimal usage of the dynamic range of the camera. An exposure of 400 ms with the Orca ER camera allowed us to image kinetochore clusters with the lowest signal with a satisfactory signal-to-noise ratio, while allowing the recording of fluorescence signal of the most abundant proteins without pixel saturation. This exposure was used for all the measurements. For a large field of view, it is important to evaluate the variation in the excitation intensity as a function of position in the object plane in widefield microscopy. These variations can be characterized by imaging a uniformly labeled surface and applying a "shading correction" to the acquired images. Depending upon the amount of variation over the necessary imaging area and the desired accuracy, advanced image calibration methods may be used (Ghauharali and Brakenhoff, 2000; Zwier et al., 2004) . In our experiments, we acquired images only from a square in the center of the image plane representing less than 10% of the total area of the image plane. The excitation intensity can be assumed to be spatially invariant over this small region.
The choice of a digital CCD camera plays an important role in deciding both the accuracy and sensitivity of fluorescence signal measurements. The two critical characteristics of a CCD camera to consider are: (1) the photon conversion efficiency of the CCD chip and (2) camera noise. Modern electronics makes electronic noise less significant in comparison with the background noise from the sample or microscope optics. The linearity of CCD response to the incident intensity is excellent, thus making its use in signal quantification straightforward.
An optimal balance between the spatial resolution in an image and the signal-to-noise ratio of that image is important for carrying out fluorescence signal measurements. The process of recording a microscope image with a CCD pixel array results in a convolution of the image by a top-hat function corresponding to the dimensions of each CCD pixel. The pixel size of the CCD camera used thus is an important parameter in determining the magnification needed in the image plane (Piston, 1998; Salmon et al., 2003) . With 100x magnification of the objective and a pixel size of 6.47 µm, each pixel corresponds to 65 nm in the object plane. Objective magnification and camera pixel size thus together decide the sampling frequency for the objective. The sampling frequency can be varied within limits by either changing the objective magnification or focal length of the tube lens or by electronic binning of neighboring pixels on the camera. The sampling frequency is important especially when measuring the fluorescence signal from subdiffraction objects. For imaging kinetochore clusters in budding yeast, we found that 2 × 2 binning of the camera chip provided sufficient spatial resolution to clearly distinguish metaphase clusters, while maintaining a sufficiently high signal-to-noise ratio for accurate signal measurement at moderate excitation intensity.
V. Measurement of Fluorescence Signal

A. Characterization of the Point Spread Function of the Objective
An objective produces a diffraction pattern in the form of an Airy disk in the image plane of a point source of light from the specimen such as a single fluorophore (Agard et al., 1989; Inoue and Springer, 1997; Taylor and Salmon, 1989) . The intensity distribution in the XY plane at focus along the Z axis is given by:
( 1) where J 1 is the Bessel function of the first kind, λ is the wavelength, and NA is the numerical aperture.
The dimensions of this diffraction pattern, known as the Point Spread Function (PSF), are determined by the NA of the objective and the wavelength of fluorescent light. In the image plane, the Airy disk intensity distribution can be closely approximated by a two-dimensional (2-D) Gaussian function given by:
where σ x , σ y are the standard deviation in X and Y direction.
The spread of the Gaussian function is given by its standard deviation (σ x , σ y ). The total signal from a point source (or from a subdiffraction object) is thus spread over the area of the PSF, and thus can be evaluated by integrating the intensity over this entire region. The ±2σ limits include ∼96% of the area under a 1-D Gaussian curve (∼90% in 2-D), and is commonly used as the characteristic dimension for the distribution. These limits correspond to a circle with 444 nm diameter for an image of a point source of light emitting at 510 nm and recorded with a 1.4 NA objective. It should be noted that for high NA oil immersion objectives, the PSF approximates the theoretical PSF only very close to the coverslip surface. Spherical aberrations due to the mismatch in the refractive indices of glass and aqueous media rapidly distort the PSF away from the coverslip surface (Gibson and Lanni, 1992) and reduces the overall intensity (see the description later) (Fig. 4A -C) .
It is important to accurately characterize the PSF for the objective to be used in the image plane (XY) and along the optical axis (Z) to verify the expected performance from the objective. This was done by imaging fluorescent beads of subdiffraction size (100 nm Transfluobeads, Invitrogen) immobilized on the coverslip. It is important to open up the field diaphragm for these measurements. In epifluorescence microscopy, the same objective is used to excite the fluorophores and to collect the emission light. Therefore, the focus change required to image out-of-focus light will also change the illumination intensity. This effect depends inversely on the size of the field diaphragm (Hiraoka et al., 1990) and can be minimized by opening up the field diaphragm for PSF characterization. A line-scan through the experimentally obtained PSF in the XY plane of focus can be fitted with a 1-D Gaussian function to obtain the standard deviation (σ) for the Gaussian function as the fit parameter. The PSF along the optical axis can also be similarly approximated with a Gaussian curve.
B. Characterization of Fluorescence Intensity Distribution for a Kinetochore Cluster and Signal Measurement
The next step in developing the fluorescence measurement technique for a kinetochore cluster is to accurately determine its fluorescence intensity distribution in the image plane (the infocus XY plane) and along the optical axis of the microscope (Z axis). This was done by recording the intensity distribution along a line through the maximum intensity pixel in an infocus image of kinetochore clusters in cells expressing Nuf2p-GFP. The intensity distribution along the line was then fitted with a Gaussian function to obtain the standard deviation for the Gaussian as the fitting parameter. The standard deviation (σ = 155 nm) obtained from fitting the curve was used to determine the number of camera pixels to be included in the calculation of the integrated intensity from a kinetochore cluster (4 × 155 nm < 5 × 133 nm, where 133 nm is the effective pixel size due to 2 × 2 binning). For metaphase kinetochore clusters, intensity had to be integrated over a larger area to account for the larger space occupied by the kinetochore clusters.
For accurate comparison, we obtained the average fluorescence signal for cells expressing Cse4p-GFP along with the average signal for the protein of interest from the same coverslip. Signal for a kinetochore cluster was defined as the integrated intensity for the cluster in the infocus image plane. The in-focus image plane has the highest intensity, and thus provides the highest signal-to-noise ratio for intensity measurements. This approach also avoids the need for integrating the signal along the Z axis. An important step in signal calculation is the evaluation of the background signal. For an isolated fluorescent spot, accurate background evaluation can be carried out by using the method described by Hoffman et al. (2001) . In brief, a box of the appropriate dimension is drawn concentrically around the box used for signal measurement. The dimension of this box is selected so as to equalize the area of the background and signal region. The integrated pixel intensity within the signal region after background subtraction was defined as the fluorescence signal from the kinetochore cluster. This method avoids errors due to inhomogeneities in the intracellular background levels. In cases where this method cannot be adopted, for example, budding yeast cells in metaphase, the background region may be manually chosen to obtain an estimate of the true background.
The kinetochore clusters are situated at unknown distances from the coverslip surface in a yeast cell. Thus, a stack of optical sections through each cell along the optical axis must be acquired to capture an in-focus image of the kinetochore clusters within the cell. The precision with which the XY plane at the center/peak of the PSF along the optical axis can be captured depends on the separation between successive images along the Z axis (Fig. 3B, right graph) . For example, the worst case situation with a 200-nm step size would be images captured 100 nm apart on either side of the actual peak in the PSF. This corresponds to a worst-case error of 8% of the maximum intensity. On average, random sampling of the PSF along the Z axis will result in an average underestimation of the measured signal by 4% of the maximum intensity. A 200-nm step size thus allows imaging through the entire thickness of the cell with minimal photobleaching during acquisition at the cost of a reasonably small measurement error. Depending on the signal-to-noise ratio and photobleaching rate for the fluorophore used, a smaller step size may be used.
VI. Validation of Measurement Method
To calibrate the linear response of the system, we took advantage of the known stoichiometry for constituent proteins within the NDC80 complex. Biochemical analysis of purified NDC80 complex from budding yeast shows that the four proteins within this complex have a 1:1:1:1 stoichiometry (Wei et al., 2005) . We constructed three yeast strains expressing either Nuf2p-GFP or Ndc80-GFP or both Nuf2p-GFP and Ndc80p-GFP. Using the method described earlier, we compared the fluorescence signal from kinetochore clusters in each case with the signal from a strain expressing Cse4p-GFP (Fig. 5A ). As expected, the ratio of the average signal from Nuf2p-GFP was found to be identical to that for Ndc80p-GFP. The ratio for the strain expressing both Nuf2p-GFP and Ndc80p-GFP on the other hand was exactly twice in magnitude, thus validating our method.
These measurements also demonstrate that at least at these concentrations, there is no detectable quenching of the fluorescence signal. The GFP molecules are tethered by the kinetochore proteins in a stable protein structure. This insolubility may make the nonradiative transfer of energy from one fluorophore to another unlikely. Table II lists the ratios for representative kinetochore proteins obtained by using the method described earlier. As mentioned earlier, we obtained the average fluorescence intensity for a kinetochore cluster for the reference (Cse4p-GFP) strain and the strain with the GFP-tagged protein of interest. Three experiments were performed for each protein in both metaphase and anaphase/telophase to obtain three ratios. The number of observations in each experiment for each strain was more than 20. We found that the coefficient of variation (standard deviation/ mean) was sufficiently small (<0.25) for each data set. The values reported are the average of the ratios from the three experiments for each protein.
VII. Results
It must be demonstrated that the cumulative signal from a kinetochore cluster can be divided by 16 (the number of kinetochores in a cluster) to obtain the number of proteins per kinetochore. We verified this assumption by making use of a conditional dicentric chromosome. Inserted into chromosome III is an additional copy of the centromeric DNA sequence that is placed under the control of a GAL1 promoter. When the cells are grown on media with galactose as the carbon source, the transcription activity at the GAL1 promoter silences the additional centromere. In cells grown on glucose-containing media however, this additional centromere becomes active, and builds a functional kinetochore on the same chromosome. Two active kinetochores on the same chromosome prevent the sister chromatids from segregating to their respective poles in anaphase in a fraction of cells. The lagging kinetochores, at positions away from the monocentric kinetochore clusters near the spindle poles, can be clearly imaged in cells expressing high copy number kinetochore protein such as Nuf2p-GFP (Fig. 5B) . A comparison of the fluorescence signal from these single kinetochores with the cluster of 15 monocentric chromosomes close to the spindle pole bodies yielded an average ratio of 16 ± 2, as expected. This experiment validates the assumption that each kinetochore contributes equally to the cumulative fluorescence signal from a cluster of 16 kinetochores.
The observed standard deviation of the signal about the mean value from metaphase or telophase kinetochore clusters contains important information about the variation in protein numbers from cell to cell. The observed standard deviation may also contain contributions from experimental errors in addition to the biological variation. We therefore analyzed the data to look for potential experimental sources of error to find that the distance of the kinetochore cluster away from the coverslip strongly affects the signal magnitude due to spherical aberrations that increase with depth as discussed above. As shown in Fig. 6 , this effect does not depend on the absolute magnitude of the signal, and thus does not distort the ratio of two fluorescence signals. However, the resultant variation of the signal about the mean signal masks information about the variation in the protein number. To avoid this experimental source of error, we compared the fluorescence signals for kinetochore cluster pairs that had a relative separation along the optical axis of 600 nm or less. Table III lists the mean and standard deviation for three different strains spanning the range of signals measured in this study. As can be seen from the table, the difference in measured intensity values for these kinetochore clusters is small as compared with the total signal. The standard error of the mean fluorescence value based on this difference is also very small. It can be stated in terms of the number of GFP molecules, by using the average Cse4p-GFP signal (1945 counts for 32 GFP molecules at 16 kinetochores → 60 counts per GFP molecule). Thus, the difference between two kinetochore clusters in the same cell for Cse4p is ∼4 GFP molecules out of 32, while that for Ndc80p-GFP + Nuf2p-GFP is 20 GFP molecules out of 256. This translates into a variation of less than one molecule per kinetochore for each protein. It should also be noted that the standard deviation roughly scales with the mean.
VIII. Discussion
Counting protein copy numbers in vivo using genetically encoded fluorescent proteins is a relatively simple but powerful approach. Its judicious use can potentially reveal critical information about subcellular structures as well as protein stoichiometry. This is especially true for many lower eukaryotes such as fungi and prokaryotes that are amenable to easy genetic manipulation for expressing genetically encoded fluorescent proteins. We have demonstrated the use of this method for understanding a key aspect of the molecular architecture of the kinetochore-microtubule attachment by counting the number of copies of protein complexes involved in linking centromeric DNA to a microtubule plus-end. Similar quantitative fluorescence microscopy assays can be extremely useful in establishing the lower eukaryotes as a platform for studying basic biological machinery that is conserved in all eukaryotes.
The use of similar techniques in studying vertebrate cell lines faces two challenges. The expression of fluorescently labeled proteins in vertebrate cells is commonly driven by an artificial promoter, in addition to the endogenous protein. As a result, the cells contain two protein species. More importantly, the fluorescently labeled protein is expressed at levels that can be significantly higher than the endogenous protein levels. With two species of the same protein within the cell, one protein type may get incorporated into the cellular process preferentially over the fusion protein. The interpretation of the experimental measurements thus can be a complicated task in such cells. More importantly, these complications can deteriorate the accuracy achievable in counting protein numbers. The lack of suitable calibration standards is the second challenge if absolute protein numbers are desirable. Our work with the budding yeast centromere-specific histone protein Cse4p demonstrates that yeast cells expressing Cse4p-GFP can serve as a good fluorescent signal standard. Many other types of standards have been used in cell biology, and these are discussed below.
A. The Choice of Calibration Standards for Quantitative Fluorescence Microscopy
The most intuitive method of converting the observed GFP signal into a number of molecules is to divide the total fluorescence signal from a cell or cell organelle by the single molecule GFP fluorescence. Accurate determination of the fluorescence signal from a single GFP molecule, however, can be difficult. There are technical as well as practical issues with this approach. Evaluation of single molecule GFP fluorescence typically requires a highly sensitive imaging and image acquisition setup. While the fluorescence signal from single fluorophores very close to the coverslip can be accurately evaluated, it cannot be directly used as the reference signal for converting intracellular fluorescence into a number of molecules. More importantly, in vitro single molecule fluorescence properties such as quantum efficiency may differ from those in vivo.
A number of alternative methods have been developed to obtain an accurate calibration standard. The simplest standard is reconstituted GFP in solutions of known concentrations (Hirschberg et al., 1998) . The fluorescence signal obtained from such a standard is used as the reference for comparing the measured intracellular signal. The error in the measured number of molecules scales as the square of the average number of proteins in solution. Furthermore, the in vitro signal may differ from the intracellular GFP signal because of different excitation strength and quantum efficiency.
Another method was the use of virus capsids incorporating a GFP-fusion capsid protein (Dundr et al., 2002) . Because of the crystal-like structure of the shell, each individual shell incorporates a precise number of each of the constituent proteins including the GFP-fusion protein.
Individual virus particles introduced/expressed in the cell can therefore be used to determine the single molecule GFP fluorescence intracellular environments. Wu and Pollard (2005) used quantitative immunoblotting of GFP-fusion constructs in conjunction with quantitative fluorescence microscopy to construct a standard curve that can be used for converting the fluorescence signal from the entire cell for any other protein into a molecular count. This method directly links the measured fluorescence signal for a protein with biochemical determination of the concentration of the same protein via quantitative immunoblotting.
Recently, Rosenfeld et al. (2005 Rosenfeld et al. ( , 2006 developed an ingenious method for converting the fluorescence signal into the number of fluorophores by making use of transiently expressed fluorescent proteins in dividing bacteria. A fixed number of proteins in a small dividing cell will be randomly partitioned into the daughter cells with a binomial distribution for the number of molecules partitioned in each cell.
Yet another possible approach is to use continuous photobleaching of a small number of closely clustered GFP molecules to resolve a step-wise decrease in the total fluorescence signal from the cluster (Leake et al., 2006; Watanabe and Mitchison, 2002) . These steps correspond to individual GFP molecules lapsing into a nonfluorescent state. This technique, however, requires a highly sensitive, low-noise image acquisition system, a small number of GFP molecules in a diffraction limited volume, and a careful selection of excitation and image acquisition conditions to be successful.
Advanced methods such as fluorescence correlation spectroscopy are particularly geared for measuring intracellular protein concentration of soluble proteins (Schwille, 2001 ). These methods, however, require specialized setups as well as expertise to acquire and analyze images to obtain concentration measurements.
B. Counting Protein Numbers from Volumes Larger than the Diffraction Limit
The kinetochore proteins in budding yeast are distributed over a subdiffraction volume. The technique described in this chapter focuses on ratiometric measurement of protein numbers by using the fluorescence from kinetochore clusters with Cse4p-GFP as the reference. More general instances of protein distribution in a cell include objects that are larger than the diffraction limit of the objective or proteins that are diffusely distributed over the volume of the cell. The nature of protein distribution along with the intended reference standard being used must both be considered in devising a suitable methodology for signal measurement. In either case, the extent of the spatial distribution of fluorescence signal intensity is a function of the actual dimensions of the object and the PSF of the objective. Especially for objects that are much larger than the diffraction-limit along the optical axis, it is important to use either a confocal microscope or a wide-field microscope with suitable deconvolution to assign the outof-focus light to the correct plane. This has been described previously in Swedlow et al. (2002) using 6 µm fluorescent beads. Alternatively, confocal microscopy may also be useful as discussed later.
Accurate quantification of diffusely distributed proteins in thick specimens is best carried out using a confocal microscope. Measurements carried out with high NA objectives become susceptible to spherical and chromatic aberrations making it difficult to collect all the emitted light from molecules dispersed throughout the cell. Wu and Pollard (2005) made simultaneous use of fluorescence microscopy and quantitative immunoblotting of a set of candidate proteins to obtain a "standard curve" that relates measured fluorescence signal to a protein concentration value. Fluorescence signal was measured integrating the signal over the entire volume of the cell from a stack of images for each cell. To avoid deconvolution, Wu and Pollard used a Z step size that is equal to the full width at half maximum (FWHM) of the PSF of the objective along the optical axis. The assumption thus made is that the illumination intensity is uniform over this volume along the optical axis and over the entire thickness of the specimen. After establishing the cell boundaries in differential interference contrast (DIC) images, the fluorescence within these boundaries was integrated through all the image planes. The mean integrated signal for a given protein was then converted into an intracellular concentration by using the standard curve. The accuracy of this technique depends on the errors arising from immunoblotting, the errors in estimating protein content per cell from the total protein extracted for immunoblotting. These errors must be carefully minimized and evaluated in order to impose limits on the accuracy of the molecular counts.
C. Sources of Error in Fluorescence Signal Measurement
Variations in the number of protein obtained from different cells arise from a combination of experimental errors and inherent biological variability. It is therefore important to characterize the contribution of experimental errors so that the nature and reasons for biological variance can be studied. This is especially relevant in the study of the stochasticity in gene expression that is the major goal of fluorescence quantification experiments performed with prokaryotes and simple eukaryotes such as budding yeast (Raser and O'Shea, 2004; Rosenfeld et al., 2005) . As discussed earlier, the variance in the kinetochore protein number in each cluster is very low (less than 1 molecule per kinetochore). We also carried out fluorescence recovery after photobleaching (FRAP) experiments to demonstrate that there is no measurable turnover of kinetochore proteins (Joglekar et al., 2006) . Together with the low variance of protein numbers from cell to cell, the absence of protein turnover strongly suggests that the protein assemblage at the kinetochore is a built from a specific number of proteins that have a specific arrangement within the kinetochore structure.
Each step in the imaging, image acquisition, and data analysis contributes to the observed errors in the fluorescence signal. The relative contribution of each error must therefore be characterized and minimized. Possible sources in signal variation start from the excitation intensity variations. Mercury arc lamps generally emit a steady intensity, but it may vary over long periods of time. Also, misalignment of the lamp can result in significant changes in the excitation intensity. Commonly used laser sources in confocal microscopy show short-and long-term variations (Swedlow et al., 2002) . Periodic alignment of the excitation source and calibration of the excitation intensity is therefore important. Comparative fluorescence measurements are not sensitive to long-term changes in intensity variation. Auto-fluorescent background in cells is another common source of error. The relative magnitude and spatial variation in the background within the cell both limit the accuracy of measurements. The background light is usually the limiting factor that decides the lowest number of molecules that can be counted within the cell.
There are two major sources of noise that originate in the process of image acquisition: (1) shot noise arising from the photon counting statistics and (2) electronic noise due to the camera electronics. With the low-noise electronics used in modern CCD cameras, the contribution of electronic noise is typically miniscule as compared to other sources of error. The low-noise, back-thinned CCD cameras are also finding more and more use in cell biology. These cameras allow up to 90% photon conversion efficiency, thus significantly improving the signal for the same excitation intensity. The added efficiency is also useful in live-cell microscopy, since it allows the use of lower exposure times for the same sample reducing photobleaching and phototoxicity.
Finally, approximation of the extent of the Gaussian intensity spread, and measuring it with an array of square pixels also introduces errors in signal measurement (Joglekar et al., 2006) . The simplest way of measuring a signal is to draw a box centered on a pixel with the maximum signal value (which approximates the centroid of a symmetric spot). This procedure assumes, however, that the object centroid is approximately aligned with the center of a pixel in the CCD array. In reality, positioning of the object centroid is random over any given pixel. As a result, a box drawn with the brightest pixel as the center will on average result in clipping of the signal area. This error can be avoided for diffraction-limited spots by using Gaussian curve-fitting or cross-correlation algorithms to determine the exact centroid of the spot, and using the centroid location to determine the boundaries of the spot. It should be noted that ratio measurements are relatively insensitive to this error.
IX. Conclusions
Determination of fluorophore numbers from the total fluorescence signal measurement is one of the most immediate uses of fluorescence microscopy. With the focus of cell biology experiments shifting on a quantitative, mechanistic characterization of cellular functions, quantitative fluorescence microscopy makes it important to understand the organization of proteins within a protein assemblage. Quantitative fluorescence microscopy provides a new approach to studying protein organization in vivo by accurately counting the number of copies of each protein within the assemblage. Accurate protein counts along with nanometer-scale localization data can provide a level of detail that is otherwise not accessible with conventional methods. Winey et al., 1995) . (See Plate no. 18 in the Color Plate Section.) Fluorescence signal for different kinetochore proteins in metaphase and anaphase cells. A visual examination of the apparent intensity for different kinetochore proteins indicates that these proteins must be present in different numbers within the kinetochore cluster. The fluorescence signal from Cse4p-GFP provides an excellent calibration standard, as the number of Cse4p molecules per kinetochore, and hence the total number of GFP molecules in a cluster is known. Characterization of the intensity distribution from a kinetochore cluster. (A) The kinetochore clusters are positioned at random depths from the coverslip surface. Therefore, Z-stacks must be obtained by stepping the stage with an appropriate step size with respect to the objective. (B) The intensity distribution for a kinetochore clusters from cells expressing GFP-tagged kinetochore proteins (Nuf2p-GFP and Ndc80p-GFP) in the XY and XZ plane are shown. (C) The characteristic dimensions for the intensity distribution for a kinetochore cluster in telophase (•) are obtained by fitting it with a Gaussian function. The standard deviation obtained from the fit is similar to that for 200 nm beads (□). The theoretical PSF based on the objective NA (1.4) and wavelength (510 nm) is also plotted (solid curve). The Z intensity distribution allowed us to determine the optimal step size along the Z axis (• for a kinetochore cluster and □ for a 200 nm bead). Decrease in signal with increasing depth from the coverslip surface. Because of spherical aberrations, the signal measured from a kinetochore cluster decreases as a function of the distance from the coverslip surface. This decrease is independent of the magnitude of the signal (•: Cse4p-GFP; ○: Nuf2p-GFP+Ndc80p-GFP). The table lists the average ratio of the average signal from the protein of interest with that for Cse4p-GFP from three experiments. Cells from two strains in each experiment were distinguished based on the magnitude of the fluorescence signal. This approach could not be used for Mif2p and Ctf19p, as the intensities for these proteins were very similar to that for Cse4p-GFP making manual identification of cells impossible. For these proteins, we used the fluorescence signal from cells expressing Nuf2p-GFP as the reference. The ratios reported for these proteins are Nuf2p-GFP:protein of interest.
